The phylogenetic diversity of macroaggregate-attached vs. free-living marine bacteria, co-occurring in the same water mass, was compared. Bacterial diversity and phylogcnetic identity were inferred by analyzing polymerase chain reaction (PCR) amplified, cloned ribosomal RNA (rRNA) genes. Ribosomal RNA genes from macroaggregatc-associated bacteria were fundamentally different from those of free-living bacterioplankton. Most rRNA types recovered from the free-living bacterioplankton were closely related to a phenotypically undcscribcd (Y Proteobacteria group, previously detected in surface waters of North Pacific and Atlantic central ocean gyres. The results suggest that members of this phylogenetically distinct, (Y proteobacterial group are abundant free-living bactcrioplankters in coastal, as well as open-ocean habitats. In contrast, most macroaggregate-associated rRNA clones were closely related to Cytophuga, Planctomyce.s, or y Proteobacteria, within the domain Bacteria. These data indicate that specific bacterial populations, different from those which predominate in free-living bacterioplankton, develop on marine phytodetrital aggregates. The inferred properties of attached bacterial assemblages have significant implications for models of microbially mediated transformation of particulate organic material.
Macroscopic detrital aggregates > 0.5 mm (marine snow) are considered important agents in the flux of biogenic carbon from the sea surface to the deep ocean. Biological and chemical transformations which occur on sinking aggregates, including microbial processes, have a profound influence on the quantity and quality of organic matter reaching the deep sea. Chemolithotrophy, primary production, and complex microbial succession have all been observed in association with macroscopic organic detritus. Aggregates may also serve as localized microhabitats, highly enriched in a variety of micronutrients and microbial assemblages (Alldredge and Silver 1988) . Presumably due to enhanced microbial metabolism, stable pH and redox gradients can I Corresponding author. be maintained in large particulate material. These and other data have led to the hypothesis that transient microacrophilic or anaerobic microhabitats, in otherwise aerobic environments, can be maintained in macroaggregates.
Microscopic and metabolic studies conducted with naturally occurring macroaggregates have revealed some significant differences between attached and free-living bacterial assemblages. Attached bacteria are often larger in size, and present in higher local concentrations, than those found free-living in the water (Caron et al. 1982) . However, with respect to total cell numbers or total cell carbon, freeliving bacteria are thought to represent the predominant fraction in aquatic environments (Kirchman and Mitchell 1982; Simon et al. 1990 ). Uptake of specific nutrients by free-living vs. aggregate-attached bacterial populations can also be significantly different between the two populations. Cellular uptake rates of sugars and amino acids by attached bacteria are sometimes greater than those of surrounding, free-living bacteria (Kirchman and Mitchell 1982) . Higher concentrations of specific exoenzymes (presumably microbial) have also _ yielding -400-700 discreet macroaggregates been found in association with macroaggregates (Smith et al. 1992; Karner and Herndl 1992) . However, specific growth rates and carbon production of attached vs. free-living bacteria are generally equivalent (Simon et al. 1990; Smith et al. 1992) . Whether morphological and metabolic differences previously observed between attached and free-living bacteria are primarily due to differential growth and gene expression (acclimation) of frce-living bacteria or to the selective development of unique surface-adapted microbial communities remains undetermined.
in a surrounding volume of 400-800 ml of seawater. Subsamples were fixed in 1% glutaraldehyde for epifluorescence and scanning electron microscopy. Bacterial cell densities on aggregates, in seawater, and in bacterioplankton concentrates were determined by cpifluorescencc microscopic counts of glutaraldehyde-fixed, acridine-orange-stained samples (Hobbie et al. 1977) . Cell recoveries in the concentrates ranged from 78 to 100% of the total cells filtered. The pooled macroaggregate samples were concentrated by centrifugation (4°C; 37,500 x g; 1 h) and stored at -70°C. We have applied molecular biological techniques to study bacterial populations associated with marine macroaggregates. Such molecular approaches can provide information on marine microbial population structure and diversity (Giovannoni et al. 1990; Schmidt et al. 1991) while avoiding selective biases associated with pure culture isolation and cultivation of pure cultures. In this report, we compare macroaggregate-associated vs. free-living bacterial communities, as determined. by phylogenetic analyses of ribosomal RNA (rRNA) sequences cloned from the two co-occurring populations.
Our results suggest that previously described metabolic, morphological, and biochemical differences between attached and free-living bacterial assemblages are due to the selective development of distinctly different microbial populations in these two habitats. The data indicate that models invoking the role of microbes in particle-associated processes may be significantly refined by considering the specific nature and properties of surface-associated microorganisms.
Materials and methods
Collection of aggregate-associated and freeliving bacterial assemblages -Aggregates were collected in the Santa Barbara Channel, -5 km offshore (due south) of the UC Santa Barbara campus, on 4, 5, and 6 June 199 1. The phytodetrital macroaggregates, composed primarily of dense populations of Rhizosolenia sp. and Phaeocystis sp., were collected by SCU-BA divers at -1 O-m depth. Macroaggregates were drawn into sterile 30-ml syringes, stored in a cooler until return to the laboratory, and processed within 3-4 h of collection. In the lab, the individual syringe samples were pooled, Seawater samples (20-40 liters) containing free-living bacterioplankton were prefiltcred in situ at the same depth, time, and site from which the aggregates were collected. Seawater was prefiltered into 20-liter collapsible polypropylene containers in situ by divers with a hand-operated pump fitted to a lo-pm Nitex filter. Samples were stored in coolers until return to the laboratory and processed within 4-5 h. Upon return to the laboratory, the < lopm free-living bacterioplankton samples were concentrated with an Amicon CH2PR hollowfiber filtration unit, fitted with a 30,000-Dalton cutoff polysulfone hollow-fiber filter (Amicon). The final concentrates from 20 to 40 liters of seawater ranged from 250 to 400 ml. Small subsamples were removed for fixation (1% glutaraldehyde) and subsequent epifluorescence and scanning electron microscopy. The remaining bacterioplankton concentrate was centrifuged (4°C; 37,500 x g; 1 h) and the cell pellet frozen at -70°C.
Extraction and puriJcation of nucleic acids-Concentrated bacterioplankton (from 20 liters, -2 X 1 Or0 cells total) or macroaggregate samples (from 200 to 350 pooled aggregates) were thawed in lysis buffer (40 mM Na,EDTA, 0.75 M sucrose, 50 mM Tris hydrochloride, pH 8.3, 1 mg ml-* lysozyme) and incubated for 0.5 h at 37°C. The samples were further incubated at 55°C for 0.5 h after adding 1% sodium dodecyl sulfate (final concn) and 150 pg ml-r proteinase K. Lysed cells were briefly incubated in a boiling water bath for 1 min and sequentially extracted in phenol, phenol : chloroform (1 : l), and finally chloroform : isoamyl alcohol (24 : 1). The aqueous extract was ethanol precipitated by adding 0.3 M sodium acetate (final) and two volumes of ethanol and stored at -20°C for at least 2 h. The nucleic acid pellet was resuspended in 100 ~1 of TE buffer (10 mM Tris hydrochloride, pH 8.0,O. 1 mM Na,EDTA). Nucleic acids were quantified by measuring absorbance at 260 nm.
For gene amplification by the polymerase chain reaction (PCR), -5-10 pg of the crude nucleic acid was purified by CsCl equilibrium density-gradient centrifugation (100,000 rpm; 5-l 6 h; 20°C) on a Beckman TL 100 ultracentrifuge with a TLA 100 rotor (DeLong 1992) . After centrifugation, the DNA band was visualized by UV-light fluorescence, removed with a syringe, extracted 3 times with an equal volume of water-saturated butanol, desalted with a Centricon 100 microconcentrator (Amicon), and resuspended in 50-100 ~1 of sterile TE buffer.
Quantitative nucleic acid hybridization experiments -Crude nucleic acids from macroaggregate or bacterioplankton samples were purified by phenol extraction as described above. Crude nucleic acids or purified rRNA standards were denatured in 0.5% glutaraldehyde at room temperature and serially diluted in double-distilled water containing 1 .O pg ml-l polyadenylic acid. Serially diluted, denatured nucleic acids containing 0.5-500 ng of nucleic acid in a total volume of 100 ~1 were applied to nylon membranes (Amcrsham, Hybond-N) with a slot-blotting apparatus (Millipore). Nucleic acids were immobilized by baking in a vacuum at 80°C for 1 h. Membranes were preincubated (0.1 ml cmm2 membrane) at 45°C for 0.5 h in hybridization buffer (0.9 M NaCl, 50 mM NaH,PO,, pH = 7.0, 5.0 mM Na,EDTA, 0.5% SDS, 10 x Denhardt's, 0.5 mg ml-l polyriboadenylic acid) followed by addition of 2 x lo7 cpm (sp act 4-9 X lo8 cpm pg-l) of 32P end-labeled oligonucleotide probe. After 12-l 6 h of incubation, the membranes were washed for 30 min at room temperature in 1 x SET (150 mM NaCl, 20 mM Tris hydrochloride, pH 7.8, 1 mM Na,EDTA) containing 0.5% SDS, followed by a 30-min wash at the indicated temperature in fresh 1 X SET/O.S% SDS. Probe targets and optimization have been previously described (Giovannoni et al. 1988; Stahl et al. 1988; Stahl and Amann 199 1 Dried membranes were exposed to preflashed film (Kodak XRP-5) in the presence of an intensifying screen for l-24 h at -80°C. Autoradiographic signals were quantified from video images by means of an Interpretive Densitometer (Scanalytics) with zero-dimensional analysis software. The autoradiographic signals were linear within the range of 0.5-50 ng for rRNA standards. The percentage groupspecific rRNA was estimated as the slope of the group-specific probe bound per unit rRNA, divided by the slope of the universal probe bound per unit rRNA. The values were corrected for -background and normalized to the slopes of group-specific probe bound per unit rRNA for heterologous or homologous rRNA standards. The following rRNAs were used as standards: Archaea-Haloferax volcanii, Desulfurococcus strain SY, Sulfolobus solfataricus, Methanobacterium thermoautotrophicum, Methanococcus jannaschii; Bacteria-Synechococcus PCC 630 1, Bacillus megaterium, Escherichia coli, Oceanospirillum linum, Alteromonas macleodii; Eucarya -Aequorea victoria, Saccharomyces cerevisiae, Alexandrium fundyense.
Analysis of cloning and restriction fragment length polymorphism (RFLP) --Efficient PCR amplification was not obtained in crude, phenol-extracted DNA derived from phytodetrital macroaggregates with either bacterial-biased or eucaryote-biased small subunit rRNA amplification primers (DeLong 1992) . Furthermore, 1 OO-1 ,OOO-fold dilutions of these crude nucleic acid preparations inhibited amplification in positive control reactions containing highly purified DNA template. Therefore, an additional purification step was necessary to obtain adequate PCR amplifications in extracts of macroaggregate nucleic acid. A smallscale CsCl purification procedure was used to prepare microgram quantities of DNA. This purification step eliminated the inhibition of amplification in positive controls and allowed efficient PCR amplification in all macroaggregate samples tested.
Ribosomal DNA was amplified from CsCl equilibrium gradient-purified DNA with GeneAMP Kit reagents (Perkin Elmer Cetus) as recommended by the manufacturer. Reaction mixtures (final volume, 100 ~1) contained 2 mM MgC12, 10 mM Tris hydrochloride pH 8.3, 50 mM KCl, 200 PM deoxynucleotide triphosphates, 2.5 units Thermus aquaticus DNA polymerase, and 0.2 PM of each oligonucleotide primer. DNA templates were added to a final concentration of 1 ng ,ul-I. Thermal cycling was performed on a Perkin Elmer DNA thermal cycler under the following conditions: denaturation at 95°C for 1.5 min, annealing at 55°C for 1.5 min, and extension at 72°C for 1.5 min, for a total of 30 cycles. The PCR products were analyzed by agarose gel electrophoresis. The sequences of the oligonucleotide primers used for the amplification of bacterial rRNA genes (Lane 199 1) were eubacteria1 8F: AGA GTT TGA TCC TGG CTC AG; 1492R: GGT TAC CTT GTT ACG ACT T.
Gene libraries of rRNA were prepared from nucleic acids extracted from macroaggregates and free-living bacterioplankton samples collected on 4 June 199 1. Amplified DNA from 3 to 5 separate reactions was pooled, phenol : chloroform (1 : 1) extracted, chloroform extracted, ethanol precipitated, and resuspended in l/ 10 volume of sterile distilled water. The purified, amplified bacterial rDNAs were cloned into a commercially prepared vector (TA Cloning System, Invitrogen Corp.). Insert-containing clones were identified by agarose gel electrophoresis of small-scale plasmid preparations.
Denatured, double-stranded plasmid templates were sequenced by the dideoxy chain termination method with Sequenase 2.0 (United States Biochemical) following the manufacturers recommendations. Universal rRNA-specific sequencing primers (Lane 199 1) and Ml 3 forward and reverse primers were used in sequencing reactions. Approximately 1,200-l ,400 nucleotides of sequence information were obtained for each clone sequenced.
RFLPs were used to identify similar clonal types recovered in each rRNA gene-containing library. The insert of each cloned rDNA was reamplified with eubacterial-biased rRNA amplification primers to eliminate the restriction fragments derived from the cloning vector. Purified plasmid DNA from each rRNA clone was used as a template in amplification reactions, performed as described above. One tenth of the resulting amplification product was digested with the restriction endonuclease Sau3A (BRL) following the directions of the manufacturer.
Because rRNA gene amplification products were relatively small (-1,500 base pairs), restriction enzymes with a 4 base-pair recognition sequence, which cleave on average at every 250 base pairs, were used. The rDNA inserts derived from rDNA libraries of either the aggregate or free-living bacterioplankton contained between 1 and 6 Sau3A cleavage sites (Fig. 1) . Clonal types were initially grouped on the basis of the size and number of restriction fragments. The nucleotide sequence of rDNA inserts from representatives of different RFLP groups was subsequently determined.
Phylogenetic analyses-A database of previously determined bacterial and archaeal (Woese et al. 1990a ) small subunit rRNA sequences, as well as the sequence editing and phylogenetic analysis software of Olsen, was obtained from the ribosomal RNA database project (Olsen et al. 1992) . Additional sequences were obtained from GenBank. Planctomyces and related sequences were provided by Tom Mullins and Steve Giovannoni. The Unix-based GDE 2.0 software package, used in phylogenctic analyses (DeSoete 1983), was provided by Stephen Smith. All analyses were restricted to comparison of -1,2 10 highly to moderately conserved nucleotide positions, corresponding to residues 10 l-l 8 1, 22 l-45 1, 482-839,852-l ,005, 1,039-l) 129, and 1,146-1,440 (E. coli numbering system). Sequences determined in this study have been submitted to GenBank under the accession numbers listcd in Table 1 .
Results
Collection, nucleic acid extraction, and cloning-Bacterial cell densities on pooled aggregate samples ranged from 1 x lo7 to 1 x lo8 bacteria per aggregate. Cell densities in sur-1 MNOO'PQRSTUV 7
rounding seawater were -6 x 1 O5 cells ml-' The recovery of bacteria in the hollow-fiber filter concentrates, as judged by epifluorescence microscopic counts, ranged from 78 to 100% of the total bacteria processed through the filter. These recoveries are substantially greater than those previously obtained with larger volume filtrations using tangential flow devices fitted with stacked fluorocarbon membranes (Giovannoni et al. 1990; Schmidt et al. 1991) . Recovery of nucleic acids from aggregate samples ranged from 0.19 to 0.32 wg aggregate-l. Nucleic acid recovery from free-living bacterioplankton ranged from 2.7 to 3.3 fg cell-l. Recovery of DNA inserts in the commercially prepared cloning vector (Invitrogen) was generally high. Factors affecting the recovery of DNA inserts included the age and lot of the commercial vector and the quality of the amplified DNA. In general, PCR reactions with low yields, or high amounts of "primer dimers" or other low molecular weight artifacts, did not yield a high number of clones containing the appropriate-sized insert. The percentage of recombinant clones containing 1.5.kilobase inserts, out of the total p galactosidase-negative recombinants (apparent positives), ranged from 20 to 80%.
Quantitative hybridization experimentsThe relative amounts of rRNA from bacteria (eubacteria; see Woese et al. 1990a) , eucarya (cucaryotes), and archaea (archaebacteria) extracted from free-living vs. aggregate-attached assemblages were examined with domain-specific, rRNA-targeted oligonucleotide probes. Marked differences in the relative amount of domain-specific probe binding were observed between aggregate-attached and free-living bacterioplankton (Table 2 ). In particular, the macroaggregate samples contained higher proportions of eucaryal rRNA, likely due to the high proportion of algal biomass comprising the aggregate material. Archaeal DNA and rRNA were detected mainly in the free-living bacterioplankton fraction and generally were not associated with the phytodetrital macroaggregates examined in this study (Table 2 ; DeLong 1992) .
Clonal diversity: RFLP and phylogenetic analyses-The diversity of recovered ribosomal RNA clones was examined by comparing RFLP fragments of the cloned rDNAs derived from the two different libraries. This approach was mainly useful for grouping similar clones recovered from the rDNA libraries. Initially, ribosomal DNA inserts were amplified from small-scale plasmid preparations of the indi- vidual clones using bacterial-biased oligonucleotide primers. Although faint background bands resulting from contaminating host (E. coli) DNA were evident in subsequent restriction digests (Fig. l) , these did not interfere with the RFLP analyses and identification of unique rDNA types. This background can be eliminated with PCR primers complementary to the plasmid vector, which flank the DNA insert (M 13 forward and reverse primers; D. Distel and E. DeLong unpubl. obs.).
The phylogenetic types recovered in the freeliving bacterioplankton fraction (FL) were significantly different than macroaggregate-associated types, as judged by clonal recoveries, RFLP, and phylogenetic analyses (Table 1, Fig.  2 ). No overlapping RFLP types were found between gene libraries of free-living and macroaggregate bacterial rRNA (Fig. 1 PI., Planctomyces; G., Gemmata; Sap., Saprospira; dial., Haliscomenobacter;
Flc., Flectobacillus; Flx., Flexibacter; Cy., Cytophaga; Syn., Synechococcus; Pro., Prochlorococcus; Erb., Erythrobacter;
Hyph., Hyphomicrobium; Rps., Rhodopseudomonas; Ag., Agrobacterium; Ale., Alcaligenes; Ps., Pseudomonas; E., Escherichia; V., Vibrio; Oc., Oceanospirillum; Alt., Alteromonas; C., Colwellia. Sequences not determined in this study were provided by Stephen Giovannoni (Planctomyces and relatives) or from the ribosomal RNA database project (Olsen et al. 1992) .
ically related to this group (Fig. 2) include PCRamplified bacterial rDNA gene fragments from Sargasso Sea bacterioplankton (SAR 11, SAR 1, SAR95; Giovannoni et al. 1990; Britschgi and Giovannoni 199 1) and shotgun-cloned (unamplified) rDNA fragments isolated from central North Pacific bacterioplankton total DNA (AL039, AL038, AL021; Schmidt et al. 199 1) . Similarities between clones in this deeply branching a proteobacterial group were relatively high: the most similar sequence to FL1 1 was that of SAR95 [unrestricted sequence similarity (USS) = 0.9861. The FL1 sequence was most similar to SARl (USS = 0.942). Although these similarities are very high (especially between FL1 1 and SAR95), the detected sequence differences are supported by compensatory base changes in the variable nucleotides, which preserve the secondary structure of the conserved small subunit rRNA. For instance, the base-paired nucleotides at positions 600 : 638 (I?. coli numbering) are A : U in FL1 1, but G : C in SAR95. The data suggest that these sequences (and presumably bacteria) are highly similar but not identical and that the differences are not due to sequencing error or PCR artifacts.
The next most abundant free-living bacterial clonal group recovered was affiliated with the y proteobacterial lineage (FL5, 16% of the total FL clones, Table 1 ). One free-living rDNA clonal type was associated with the Cytophaga lineage (FL7), but was not identical to any of the Cytophaga rDNA types detected in the macroaggregate rDNA library (Fig. 2) . The most similar sequence to clone FL7 was that of Cytophaga lytica (USS = 0.89). The phylogenetic identity of 12 other unique clones from the free-living bacterioplankton rDNA library, each yielding a different RFLP pattern, has yet to bc determined (Table 1) .
A large percentage of the aggregate-associated rDNA clones recovered (-5 5%) was affiliated with the oxygenic phototroph lineage, which includes cyanobacteria, prochlorophytes, and chloroplasts (Table 1, Fig. 3 ). There are several possibilities regarding the origin of these phototrophlike clonal types (AGG46, AGG56). Chroococcoid or filamentous cyanobacteria are known to occur in marine plankton and are sometimes involved in the formation of detrital aggregates. In addition, several chain-forming diatoms, including Rhizosolenia species, are known to harbor nitrogen-fixing heterocystous cyanobacteria, though these usually are not found in coastal habitats. Yet another potential source of oxygenic phototrophlike rRNA sequences (AGG46, AGG56) resides in chloroplasts contained in the phytodetrital material. Phylogenetic analysis indicates that the phototrophlike rRNA sequences (AGG46, AGG56) are not derived from either heterocystous or chroococcoid cyanobacteria (Fig. 3) . Instead, these two sequence types most closely resemble chloroplast rRNA sequences and likely originate from intact plastids contained in the phytodetrital material (Fig. 3) . These results are consistent with the nature and origin of the aggregate material (predominantly eucaryal phytodetritus), as well as the oligonucleotide probe results which indicate that the bulk of the nucleic acids extracted from this material was eucaryal (Table 2) .
Most nonplastid, aggregate-associated rRNA clones (AGG) were associated with bacterial groups of known, surface-associated adaptations and life histories. The most abundant class of bacterial rDNA clones was affiliated with the Cytophaga/Flavobacteria lineage (5 5% of the total, nonplastidlike bacterial clones; 
Discussion and conclusions
Phylogenetic analyses of rDNA clones provides a means to assess naturally occurring bacterial population structure without introducing culture-based biases. However, any sampling and analytical scheme has the potential for introducing some selectivity. Biased sample collection, differential cell lysis or nucleic acid extraction efficiency, and differential amplification or cloning of rDNA genes are of significant concern in molecular ecological studies. We monitored cell lysis by microscopy and did not observe any cell types to be recalcitrant to our lysis procedure. The quality of the DNA (uniformly high molecular weight and purity) was carefully assessed before proceeding to rRNA gene amplification.
The relatively high percentage of plastid-like clones we observed in the macroaggregate rDNA library corroborates with quantitative oligonucleotide probing, which indicated that the bulk of the macroaggregate DNA recovered was eucaryal. Additionally, the wide diversity of bacterial phyla recovered in each rDNA library, and the major differences in clonal types recovered from each of the two populations, does not suggest that there was significant bias in cell lysis, nucleic acid amplification, or cloning steps in our analyses. Although we cannot completely rule out potential biases, these and other data (Giovannoni et al. 1990; Schmidt et al. 199 1; Britschgi and Giovannoni 199 1) suggest that a reasonable picture of microbial species composition in mixed populations can be attained with rDNA amplification and cloning approaches.
Studies of macroaggrcgate colonization have focused mainly on quantitation of general trophic categories by epifluorescence microscopy, and include enumeration of cyanobacteria, heterotrophic bacteria, nanoflagellates, and ciliates. Relatively few studies of the species diversity and variability of aggregate-associated microbial communities have been conducted. This lack of information is largely due to the difficulties encountered in simultaneously cultivating and identifying a physiologically diverse array of microbial species and the often low percentage of viable microorganisms recovered from many natural samples. Fukami et al. (198 1) reported on changes in hcterotrophic bacterial assemblages which occurred on decomposing marinc phytoplankters (Skeletonema and Chlorella species) in the laboratory. Rapid decomposition and decrease in particulate organic C was observed to accompany changes in both the number and types of attached and free-living heterotrophic bacteria. Furthermore, these workers suggested that changes in population structure correlated with changing ability to decompose high molecular weight organic compounds. However, the culture-based assays used in these studies identified only five distinct bacterial groups, all of which were present both free-living and on surfaces. The influence of intensive processing (net collection, blending, or filtration) and confined laboratory incubation on the development and selection of the observed populations is unknown, but likely to be significant.
More recent studies of exoenzyme activities associated with naturally occurring aggregates (Smith et al. 1992; Karner and Herndl 1992) tend to bear out some of the observations of Fukami et al. (198 1) . These studies indicate that several different exoenzyme activities, including protease, phosphatase, and glucosidase activities, are enriched on freshly collccted marine aggregates. The major source of these hydrolytic enzymes has been presumed to be bacterial. However, whether the elevated, particle-associated exoenzymc activities are due to increased gene expression in free-living bacterial types transiently associated with surfaces or to the development of unique populations of particle-associated bacteria different from free-living types was unknown.
In this study we assayed microbial diversity in aggregate-attached and free-living bacteria by cloning and sequencing rRNA genes from associated microbial populations. Attached vs. free-living bacterial assemblages shared no identical rRNA types, suggesting that major compositional differences existed between the two populations.
Furthermore, considerable differences between the most abundant phylogenetic types recovered from the two different populations were evident. Aggregate-at-tached bacterial rRNA clones fell mainly within the Planctomyces, Cytophaga, and y proteobacterial groups. In contrast, the predominant types recovered from the free-living bacterioplankton fraction were cy Proteobacteria. The most abundant free-living type was phylogenetically very similar to an abundant a proteobacterial group previously detected in the Sargasso Sea (SAR 11, SAR 1, SAR95; Giovannoni et al. 1990; Britschgi and Giovannoni 1991) and central North Pacific (AL039, AL038 AL02 1; Schmidt et al. 199 1) . These results suggest that geographically distant, very closely related variants of this a! proteobacterial group are widely distributed in the world's oceans, including coastal waters. In total, our results indicate that bacterial population structure and dynamics were significantly different between microbial populations occupying attached vs. free-living habitats.
Our results have implications with respect to microbially mediated, particle-associated processes. The most abundant phylogenetic types detected in macroaggregate-associated bacterial populations fell within the Cytophaga/FZavobacteria group. Several predominant phenotypic characteristics serve to typify this group. Surface-dependent gliding motility is a widespread and presumably ancestral characteristic of this lineage (Woese et al. 1990b ).
Additionally, the ability to degrade a variety of high molecular weight compounds is a characteristic found throughout its members. Many of the Cytophaga and their close relatives produce one or more exoenzymes, and these microorganisms as a group degrade a wide range of polymeric compounds including proteins, polysaccharides, chitin, and nucleic acids. Close relatives of some of the most abundant groups we found on aggregates (C. Zytica, Saprospira grandis) are known for their tendency to associate with surfaces, to have surface-associated gliding motility, and to produce hydrolytic exoenzymes. Previously observed exoenzyme activities and "uncoupled hydrolysis" (Smith et al. 1992 ) associated with aggregate material may be due to the specific colonization of newly formed phytodetri tal aggregates by members of these bacterial groups. Although it is not always possible to predict phenotypic properties solely on the basis of phylogenetic position, our data suggest that highly specific bacterial populations may be responsible for microbially mediated particle decomposition in the sea. These hypotheses can be further tested with rRNA-targeted species-or group-specific oligonucleotide probes in tandem with other indicators of microbial activity and particle decomposition.
The data presented here provide, in part, a biological explanation for the microbiological and biochemical differences previously observed between macroaggregate and free-living marine bacterial assemblages. The baseline information on the phylogenetic diversity of attached bacteria helps provide the sequence data necessary for designing group-specific, rRNAtargeted hybridization probes (Stahl et al. 1988; Giovannoni et al. 1988 ) that can be useful for studying the spatial and temporal variability of bacterial species. These data should allow further testing of hypotheses that predict tcmporal succession of specific microbial types, which mediate the catabolic degradation of detrital material, It should also be possible to further characterize the phylogcnetic and functional diversity of aggregate-associated bacterial types and their variability on aggregate detritus of diverse biological and geographic origin.
